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I. ABSTRACT 
The tensile properties and fracture mechanics for 
two medium carbon steels were studied in the presence 
and the absence of circumferential notches through a 
wide range of tempering temperatures. V-shaped grooves 
with a 60° flank angle were machined into a group of 
4130 specimens and U-shaped grooves of various geome-
tries were added to five groups of 4140 • specimens. 
Groups of smooth bar specimehs were also prepared for 
each material. Tensile strength vs. tempering tempera-
ture plots for each configuration revealed a severe 
decrease in strength with the minima of the trough at 
450° F for the U-notched 4140 bars. Less severe or 
minor troughs occurred between 550• F and 700° Fin both 
4130 and 4140 notched spe~imens. No trough was observed 
in smooth bar tesh~ 
Fractographic analysis showedfonsistently that 
I . 
the fracture mode changed from a state of plane stress 
r' 
to that of_ plane strain as a result of induced 1triaxia 1 I 
stresses when a notch is introduced. In add it io.n, the 
/ 
micromechanism of fracture progressed from microvoid 
1 
. ', I, ' !! 1 ~ • ; : . . ' ' ,"· : ' ,'.• ·'lfi }" .... J~k 
.r 
coalescence at low tempering temperatures to quasi-
cleavage and intergranular fracture in the trough re-
gimes, returning to ductile fracture at higher tempera-
tures. Ductile fracture occurred in all smooth bar 
tests regardless of tempering temperature. 
The transgranular cleavage associated with the 
primary trough at 450• F is considered a result of 
intralath carbide precipitation during the first stage 
of tempering while intergranul ar fracture in the· minor 
trough regime is a direct effect of retained austenite 
decomposition at martensite packet boundaries, more 
commonly known as tempered martensite embrittlement. 
,· 
. r· .. , ..... · . ' . . ".· ::.).. . 
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Introduction .. 
The notch. · It exists in some shape or form in 
almost every engineering structure today. Although it-
may be added for function or ae~thetics· it ~any times 
develops unintentionally by wear or fatigue ·of the 
material. I f t he s t r u c tu re i s 1 o ad e d ·u n d er u n i ax i a 1 
tension the presence of a notch introduces three 
effects:1 
1. an increase or concentration of stress at the 
root of the notch. 
2. a stress gradient is set up from the root of 
the notch toward the center of the specimen. 
3. a triaxial state of stress is produced at the 
notch root. 
In most cases stress concentrations that might otherwise 
.. , 
raise the local stress at the notch tip above the 
material's yield strength are reduced by the component's 
ability ~o plastically .deform in the crack tip region. 
However, if the ductility is low by the physical nature 
of subsequent processing of the materi~l, its plasticity 
may not be adequate to blunt an initiated crack which 
could then propogate and fracture the co~ponent. 
3 
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The experiments presented in this .. paper examin,e 
two medium alloy steels, AISI 4130 an~ 4140 and the 
effects that notch geometry has on modifying their ten-
1 •. 
sile properties and fracture mechanics. A r~view of the 
structure and. tempering process for these materia1s is 
given along with the kinetics of tempered martensite 
embrittlement which was frequently observed in the test 
\ 
• specimens. 
A more complex analysis develops when the ductil-
ity of the mat_erials is changed by tempering through a 
wide range of temperatures and the above geometric ef-
fects are investigated at each temperature. Observation 
of TME can be enhanced, tensile properties can be raised 
and fracture behavior can be markedly changed by 
introducing a notch in the tensile specimen which 
develops a high stress concentration in conjunction 
~ 
with limited material plasticity. Practical impli-
catiQns of these phenomena for the design of breakaway 
couplings in highway structures are also discussed. 
(' 
I 
'. 
t 
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B. STRUCTURE AND TEMPERING OF LATH MARTENSITE 
The martensite that tends to form upon austeni-
tizing and quenching the alloy steels discussed in this 
thesis consists of lath-shaped segments in regions of 
common orientation known as packets. Thick layers of 
austenite frequently exist between laths [Figure l(a) ]. 
Adjacent laths may be misoriented by about two degrees 
I 
although the variance of the austenite-martensite orien-
tation within a packet is the same .2 The interface of 
the two phases is relatively straight on one side of the 
lath and more irregular on the other with thickening 
occurring in one direction [Figure l(b)]. A substruc-
ture of screw dislocations develops within the marten-
site due to the large shape strain upon transformation. 
The austenite associated with the irregular interface 
contains a high dislocation density while that of the 
straight interface is low. 
-retained 
c1111 .. , 
~ 
austenite 
martensite 
laths 
packet 
Fi.gure 1 (a) 
Structure of Lath.Martensite 
5 
Habit Plane 
austenite 
'IL\' 
surface 
. . ' 
Figure l(b) 
Austenite-Martensite Orientation 
/ 
0 
The transf o·rmation that occurs upon quenching 
. ., 
involves extremely high rates on the order of· 10-
seconds such that interstitial elements such as carbon 
are trapped in metastable positions within the marten-
site .3 Even at subambient temperatures, the elements 
seek lower energy locations. Evidence of two such re-
arrangements has been presented4 which precede the tra-
ditional first stage of tempering. Aging at subzero 
temperatures up to about 70°C is accompanied by segrega-
tion of carbon atoms to lattice defects at lath bounda-
ries and the formation of carbon rich clusters within 
the matrix which, at first, have only a few carbon atoms 
per cluster. These coarsen into larger domains between 
room temperature and 250°C by carbon atom diffusion to 
form a 1 on g p er i o d ordered p has e. Is o to v and Ute v ski y5 
.. 
1n observed superstructure spots and diffusion spikes 
electron diffraction patterns of martensite tempered in 
this range and identified the composition of this pre-
liminary stage as Fe 4 C. 
In the first stage of tempering at ·100-250°C, the 
orthorhombic carbide~ -Fe~C precipitates. In medium 
6 
J 
• 
, 
' ' 
and high carbon steel, the retained austenite decomposes 
at 200-300°C to 0-Fe3 C and~ -iron. 
Carbon cluster formation immediately prior to 
decomposition has been identified in the retained auste-
nite which is similar to that occurring in the marten-
site just after quenching. 6 During the third stage of 
tempering, the tetragonality of the martensite dis-
appears as the matrix becomes ferrite. The cementite 
particles grow as a Widmanst8tten distribution of rods 
in a well defined Bagaryatski orientation while the Fe~C 
7riron carbides dissolve into the matrix by an Ostwald 
ripening process. Above the Stage 3 temperature range 
0 of 200-350 C the cementite coarsens and spheroidizes 
while the ferrite recrystallizes and eliminates the 
prior martensite lath boundaries. 
7 
' ' 
C. TEMPERED MARTENSITE EMBRITTLEMENT 
Retained austenite forms a fine network around the 
martensi te laths upon quenching and decomposes to thin 
grain boundary films of cementite upon tempering in the 
0 
range of 250 C. In addition, intralath Widmanstatten 
Fe C f or m s f r om e t a ( n_ ) c a r b i d e ( F i g?u r e 2 ) • Higher 
concentrations of retained austenite, influenced by 
alloying elements, can form a fairly continuous film 
with brittle properties common to a carbide phase. 
Numerous studies have shown sudden troughs in mechanical 
properties, particular 1 y toughness, ductility, and ten-
si 1 e strength versus tempering temperature in the 350°C 
range7,8. This type of embrittlement has been termed 
"tempered martensi te embri tt lement" or TME, and is con-
sidered a microstructural effect rather than a result of 
l 
impurity segregation since it has been found in high 
purity vacuum melted alloys .9 
(l 
0 0 
<11 0 
FIGURE 2 
0 0 Interlath 
Cenentite 
Martehsite 
lath Botmclaries 
Carbide Distribution·in Lath :Martensite 
/ 
,, ..... 
8 
, r 
The em bri t t 1 i n·g kinetics may be suppressed by an 
addition of 1.5-2.0% Si to the alloy steel. Evidence 
s u g g e st s th a t th e nu c 1 ea t i o n an ~ g r ow th o.f th e e ta 
carbide is retarded as the silicon enters the carbide 
structure and the transformation of ~-carbide to ce-
mentite is thereby delayed lO. 
The size and distribution of the inter- and intra-
lath carbides affect fracture in lath martensite. In 
the as-quenched condition, the plastic zone size may 
span many laths unrestricted by carbide effect [Figure 
3(a)]. The fracture mechanism is microvoid coalescence 
and the fracture surface should be dimpled. As the 
material is tempered within the TME range, the retained 
austenite decomposes and interlath cementite confines 
slip and also the plastic zone to a localized region 
w i t lyi n th e 1 a t h [ Fi g u r e 3 ( b ) ] • F r a c tu r e e n e r g y i s 1 ow 
I 
and the material is classified as brittle. The clea-
vage-like fracture path is transcrystalline along speci-
fic crystallographic planes. In situ thin foil studies 
indicate the intralath carbides· are on\110) traces and 
the fracture path zig-zags along the {110) foil plane. 
Although generally staying within a lath the fracture 
. ( 
9 
path c,loes branch and other cracks nucleate in adjacent 
laths 11• 
The third stage of tempering above the TME range 
again changes the fracture micromechanism. As the 
smaller n -carbide particles dissolve into the matrix, 
carbon is made available for the growth of larger Fe3C 
particles by an Ostwald ripening type of processl2. 
Ductility returns as the carbides coarsen, plastic zone 
size increases and the barriers to crack propogation are 
reduced [Figure 3(c) ]. Microv oid coalescence as indi-
cated by a dimpled fracture surface will be the mode of 
failure. 
Crack1 . t. ti' m 1a on 
Figure 3(a) 
Austenite 
~ Films 
Restricted 
Plastic .,..---,:-.---<~ 
Zone 
Zone 
Crack Initiation 
Figure 3(c) 
' 
Crack 1 . t . ti' n1 1a on 
Figure 3(b) 
Effects of Carbides on Plastic Zone Size in Lath.Martensite 
10 
Interlath 
Cenentite 
D. NOTCH BEHAVIOR 
The notch behavior of the fee metals and alloys, a 
large group of nonferrous materials and the austenitic 
steels can be judged from their common tensile proper-
ties. If they are brittle in smooth bar tension tests, 
they will be brittle when notched; while if they are 
ductile in smooth bar tension, they will be ductile when 
notched. In contrast, the behavior of the ferritic 
steels under notched conditions cannot be predicted from 
their smooth bar tension tests. Some materials that 
display normal ductility in smooth bar tension may break 
in a brittle manner when notched. 
Two considerations are important in dealing with 
the influence of stress on the occurrence of brittle 
fracture: 
(1) stress concentration effects and 
(2) tensile stress components in directions other 
than that of loading 1~ 
The presence of surface irregularities, such as notches, 
grooves, and keyholes, modify simple stress distribu-
tions so that regions of high localized stress ocdur. 
The stress concentration factor, obtained mathematically· 
11 
I 
I 
or experimentally, is a measure of this localization and 
for normal stress (tension or bending) is defined as 
When a round bar is circumferentially notched and 
loaded in tension, the reduced section will be the first 
to yield. Conservation of volume or the Poisson effect 
requires that as the notched area elongates, it will 
also attempt to contract. The adjacent areas which have 
not yet yielded are still undergoing elastic deforma-
tion. Therefore, they resist contraction as well as 
elongation. A state of triaxial tension is induced from 
the resultant.transverse, radial and longitudinal forces 
(Figure 4) 
Figure 4 
Tria.xial Stress in Reduced Area.of 
Notched Tensile Spec.i.rrten 
12 
·The longitudi~al or axial load must be increase to 
overcome the stress concentrations at the notch root and 
cause plastic deformation. In effect, the specimen has 
been "notch-strengthened'' since the stress required to 
produce a given elongation is now greater than it would 
have been without the notch14. 
Material with limited ductility will respond 
quite differently. Since the notch and adjacent smooth 
section all display elastic deformation almost until 
fracture, plastic strain is minimal in the necked region 
and the radial and transverse stresses are insignifi-
cant. The increase in stress concentration at the notch 
root and the absence of triaxial forces has caused this 
material to "notch-weaken". In general if may be said 
that ductile material notch-strengthen" while brittle 
materials notch-weaken. 
As the stress concentration increases, less ap-
plied stress is required for fracture. Although dif-
/-~ 
fering notch configurations produce unique mathematical 
expressions for K~ they all show that an increasing 
crack length or decreasing crack radius will result in a 
higher K-t value. 
13 
I 
The notch behavior of a tensile specimen depends 
upon the material's mechanical properties such as 
ducility, yield strength, and elongation, as well as the 
specimen size, notch geometry, and testing conditions. 
Bridgeman has shown 1~ by the formula 
' 
er true/ er app = 1 ( 1 + 2 R/ a) [ 1-n-( l_+_a_/ 2_R_)_] _ 
where: 
R = radius of curvature 
inthereduced section 
a = minimum cross-sectional 
area 
that the applied axial stress must be increased as the 
notch angle becomes more acute or the diameter increases 
to cause a given deformation. 
Irwin proposed that Neuber's stress concentration I, 
results for notches of very small flank angle and very 
small root radius may be used to obtain theoretical 
expressions for stress intensity factors 16. In the 
limit of zero root radius ( e ), a notch which tends to 
form ,a crack along the y=o axis with (J max, the maxi-
mum value of at the tip, has a stress intensity 
14 
factor described as · 
Santhanam and Bates17 have shown for various notch 
tip geometries that the maximum principal strain,~ 
' 
in the near tip region decays exponentially from the 
value at the notch tip (Figure 5). 
lt1 igure 5 
Distribution of Strain in Notch Tip Region 
The decay constant C1 is related to the flank angle W by 
the expression 
0 
which implies that for W=l80 , an unnotched bar, the 
strain does not decay but rather is constant across the 
15 
section undergoing uniform strain (Figure 6). Yield 
strength has a minor influence on the decay constant, 
however, the major controlling factor is the notch-tip 
,, 
geometry. 
Bates and Santhanam18 have also developed analyti-
cal expressions for the flow stress (r* and the 1 ongi-o 
t u d i n a 1 t e n s i 1 e s t r e s s ~..,y 
along the axis of symmetry 
er* = 
0 
in the notch-tip region 
where: 
-Uoc. = notch-tip flow stress 
n =strain-hardening 
coefficent 
c:,if'T • \, is c •. 
. . - t 
G°yy = k cro: ~ 1 t 1 n { i -t-t ) J ei? ( n e) 
16 
' J. .. I 
! 
The longitudinal tensile stress for a material with a 
given strain hardening coefficient will depend upon the 
no t ch tip g e om e t r y • F o r a g i v en no t c h t i p f 1 ow s t r e s s, 
.. 
croc 'J a higher • i.e. a larger flank angle C 
Eepf 
w i 1 1 .· s up p r e s s u0 : a s we 1 1 a s • The same holds 
true for an increasing notch radius. 
2.0 
\ .o 
'ff/, 
Figure 6 
Strain Decay Constant vs. Notch 
Flank Angle 
' 
Figure 7 
Distribution of Flow Stress and 
Tensile Stress·in Notph Tip Region 
Imp 1 ication of the preceding discussion of notch 
tip geometry as it applies t6 material failure are shown 
schematically in Figure 7. Suppose a hypothetical notch 
geometry 1 has a decaying flow stress curve 0"9a~ which 
results in a longitudinal tensile stress distribution 
(F'l'/I. The local tensile stress ahead of the crack tip 
17 I 
.. 
I• 
exceeds the cleavage strength of the material and an 
unstable cleavage craGk should propogate until fracture 
occurs. 
• as 1 n 
If however the exponential decay is increased 
by decreasing the flank angle and/or notch 
radius, the 
will result~ 
curve is suppressed and no fracture 
Otsuka, et al 19 used similar criterion to show tl1e 
occurance of ductile {fibrous) fracture, cleavage frac-
ture and ductile-cleavage transition. Figure 8 again 
illustrates the predicted cleavage fracture stress but 
adds a vertical line at the point of critical 
fibrous fracture initiatjon. 
-- ·- ---
- - - - -=:.....·-;;;;;:---, 
Figure 8 
l 
l 
I 
l 
l 
Note~ T~p Stress vs. p~ain Sh;cy,ing Criterion fqr c.~eavag~, Fracture 
Duct1le-Britt1e·Transiticn (B) and Ductile..;.cleavage·Frqctqre (C) 
The local maximum longitudinal tensile stress 
(A)' 
• 1n 
'tl1e specj_men • l c• .u taken as the ordinate, and the maximum 
value of the effective strain is taken as the abscissa. 
If the u'Y'/ , max EEffmax curve n1eets the 
-- ··-: 
18 
/ 
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L 
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!' 
first cleavage fracture will occur (cu.rve A) while curve 
B shows the relation for ductile-brittle transition. In 
this figure, if the u'l'I • max ,-.J E \:FF max curve meets 
the Ec.,~,T line first (Curve C) ductile fracture will be 
initiated followed by cl,eavage fracture or leading to 
final fracture. If, after ductile fracture initiation 
the u,1y max is increased because of eleva_tion of 
stress triaxiality by sharpening of the crack tip then 
fin a 1 fracture w i 1 1 occur at the C' Ct 1q-
point by cleavage. 
Experimental curves developed by Valentin and Gasc 20 
show an increasing ultimate tensile streng .. th, with a 
decreasing grain size at a given stress concentration. 
The ultimate stress increases with increasing stress 
concentration. (Figure 9) On the other hand, the criti-
cal longitudinal fracture deformation varies very little 
with K~ but follows the same relationship with grain 
size (Figure 10). 
150 fine 
o(,o'P~ medi 
100 coarse 
50 
1 5 10 
Figu·re 9 K~ 
Effects of Grain Size and Stress 
concentration·· on· Tensile .Strenqtp 
il 
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;'~~ 0 
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Figure 10 
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Effects of Grain Size .. ,and Stress, 
concentration on·strain 
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E. BREAKAWAY· SUPPORTS IN HIGHWAY STRUCTURES 
"Breakaway support" in terms of highway engin-
eering refers to any type of highway structure support I 
that is to be safely displaced upon vehicle impact. 
Structures of this type include traffic signals,· ground 
signs, luminaries-, and overhead walkways. Structure 
supports may be in the form of shafts or cantilevered 
; 
arms fabricated of concrete, steel, aluminum, or fiber-
glas. The breakaway feature itself is usually a connec-
tion or coupling between the foundation anchor bolts and 
the base of the support. Mechanisms such as plastic 
hinges, slip planes, and fracture elements have'all been 
used successfully. 
The American Association of State Highway and 
· Transportation Officials (AASHTO) sets forth minimum 
requirements for highway structures which are consistent 
with current practice and are intended to serve as a 
guide for the preparation of state specifications21. 
They recommend that all new ground mounted signs and 
luminaries within 30 feet of high speed roadway be 
20 
/ 
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, placed on breakaway supports unless they are located 
behind a barrier or crash cushion. 
The standard for breakaway supports states that 
the recommended change of momentum for a 2,250 pound 
vehicle striking a support at speeds from 20 mph to 60 
mph should be a maximum of 750 pound-seconds. A more 
controlled test than the above dynamic vehicle impact is 
the pendulum impact test which has become widely used. 
The pendulum weight has been specified at 2,000 pounds, 
its impact speed as 20 mph, and its striking height as 
20 inches. Acceptability of the breakaway support in 
this test is based on a maximum change in momentum of 
u 
400 pound-seconds. 
To place this in perspective, head impacts on 
smooth rigid surfaces at a velocity of 12 feet per 
second are potentially hazardous. This change in velo-
city corresponds to an 840 pound-second change in ~omen-
tum for a 2,250 pound vehicle. The loss in kinetic 
energy for a vehicle undergoing this change in momentum 
is equal to that possessed by a vehicle traveling 17.7 
mph. Thus, a breakaway support just meeting the stan-
dard will be displaced by a 2,250 pound vehicle ex-
21 
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ceeding 18 mph and will be stopped by the support if its 
i·1 
v e 1 o c i t y i s 1 e s s t.h an 1 8 m p h u po n imp a c t . 
The Pennsylvania Department of Transportation, 
guided by the AASHTO specification, has defined the 
material and mechanical properties considered necessary 
to provide acceptable breakaway performance22. For post 
mounted signs they are as follows: 
Alloy steel AISI 4130H or 4340H with 
* an ultimate tensile strength range of 180,000 
to 215,000 psi 
* a minimum Rockwell hardness of C26 
* capable of withstanding a tensile breaking load 
in the range of 47,000 to 57,000 pounds. 
The New Jersey Department of Transportation has a 
,-r 
similar specification for breakaway supports23. 
Alloy steel AISI 4130H or 4340H with 
* 
* 
* 
* 
a minimum yield stress of 165,000 psi 
an ultimate tensile strength range of 180,000 
to 215,00 psi 
a minimum Rockwell hardness of C38 
a breaking load range of 47,000 to 57,000 pounds. 
These specifications define an upper limit of 
strength above which the support must fracture. How-
22 
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ever, since the coupling must also support the struc-
ture, sometimes in severe environments, stress analysis 
of the design must also take into consideration: 
* wind-load -- on horizontal and vertical ·Sup-
ports; determined by computation involving 
wind speed (mph) based on an n-year mean 
recurrance interval and the distance from the 
g~tiund to the centroid of the loaded area. As 
a J1 e X amp 1 e , the Wind 1 0 ad On 8 3 0 f'·o O t St r UC -
ture with a 70 mph wind velocity (130% gust 
factor) is 21 pounds per square foot. 
* 
* 
* 
dead load 
sign, 
shaft and 
-- consisting of the weight of the 
luminaire, traffic signal, 
arms. 
line load -- normally considered 500 pounds 
distributed over two feet if the structure is 
designed for walkways __ a_nd service platforms. 
ice-load -- three pounds per square foot on 
top and some horizontal surfaces. 
Figure 11 illustrates that the stress analyses are 
complex and vary considerably from one structural design 
to another. This thesis will only focus on the metal-
lurgical considerations of breakaway couplings when de-
signed in accordance with the Pennsylvania and New 
Jersey Departments of Transportation requirements. The 
effects of n·otch sensitivity and tempered martensite 
embrittle~ent' on breakaway performance will be discussed.~ 
23 
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Breakaway coupling designs patterned by the above 
specifications generally include a steel bar threaded on 
both ends to connect the foundation anchor bolts with 
the structural support posts. The center region of the 
coupling is circumferentially notched with the 
expectation that this will promote brittle fracture. 
W,O(I) ~ ~ ~{2J 
Torqu• on suppor f, 
T • Wp(IJ • • 
( Nt#tJl•c t wind on 
ahorf •id• of' aupport 
,., lorqu•) 
BUTTERFLY 
Torqu• on support, 
T•llli»•• 
CANTILEVER 
,.~-------. 
- --, I 
I I · 
L-J....-J--1 - - -~ lti----., \ 
DL ~le• COl'tli,...,•r \ (II r-.uirH/) 
SIGN BRIDGE 
0 n f I 
'''f''' 
Two or mor• 
Supports 
Wp 
ROADSIDE SIGNS 
LOADS ON SIGN SUPPORT STRUCTURES 
FIGURE 11 
Examples of Applied Loads on Various Highway Structures 
,, 
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III. EXPERIMENTAL PROCEDURE· 
A. MATERIAL 
Twelve tensile specimens were prepared by using 
common SAE Grade 8 hexagonal head bolts with dimensions 
of 4-inch length, 3/8-inch diameter, and 1-inch of 3/8-
16 UNC thread in accordance with ASTM A193-83 B7. 
Specimens were 1 athe-machined from the bo 1 ts per 
ASTM F606 as shown in Figure 12(a). Circumferential 
notches were cut in six of the bolts at approximately 
the center of the reduced area [Figure 12 (b)] using a 
common thread cutting tool • 
4" 
3/8 "R 
Figure 12(a) 
...__ .375" Dia. 
' l" f 
.252"± .005 
,., 60° 
~ 
Figure 12 (b) 
Unnotched and Notched 4130 Tensile Specimens 
The material of the twelve bolts is classified as AISI 
4130 alloy steel with a chemical composition: 
Carbon, percent: 0.30 
Manganese, percent: 0.48 
Phosphorous, percent: 0.013 
Sulphur, percent: 0.013 
25 
Silicon,· percent: 0.20 
Chromium, percent: 0.85 
' 
_.,, ..... " ...... ,1 
Molybdenum, percent: 0.16 
,· \· 
/ 
In addition to the two sets of six bolts described 
above, a group of fifty-four specimens were prepared 
with AISI 4140 threaded rod, 3/4-inch in diameter, which 
was saw cut into 5-1/2 inch lengths. The ends of each 
rod were deburred and two lathe operations were per-
£ ormed. The first removes thread material as shown in 
Figure 3(a) and the second machines a reduced area 
similar in shape to Figure 13(a), but larger in diameter 
[Figure 13(b)]. 
C .... 
_ ... 
...  
'Ill 
- I 
..... 
.. 
t _l_ 
5-1 2" 1-3/4" 1/4" R min. 
• • 
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• 
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.356"+ J f 
""~ 
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"" 
' 
Figure 13{a) Figure 13(b) 
Initial & Final Machining of 4140 Unnotched Tensile Sp:sirrens 
The group was divided into nine sets of six specimens 
and circumferential notches were cut using specially 
prepared carbide tip high-speed tool bits. The re-
sultant nominal dimensions are given in Table 1. 
Figure 14) with accurate dimensions for each specimen 
being described in Methods. 
/ 
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Dim:msions of 4140 Notched 
Tensile·sP?c.imens 
Table 1 
Specimen 
1-9 
10-18 
19-27 
28-36 
37-45 
46-54 
R d D 
unnotched .356 .356 
.028 .296 .356 
.033 
.094 
.094 
.196 
.200 .356 
.296 .356 
.296 .356 
.190 • 356 
( all dimensions in inches) 
• • 
• • 
' • 
._ ~ 
d 
l ( 
J " 
,. ~ 
~ • 
-
Figure 14 
Notched 4140 Tensile pee:9:inen 
The specimens were photographed after machining using a 
1:2.4 macro lens at a distance of one foot with Kodak 
Panatomic-X B/W film, ASA 32. Shutter speed was 1/60 
second at f/8 with a flash unit positioned to the side. 
Figure 15 indicates the wide variance in notch configu-
ration. 
27 
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Figure 15 
Notch Gearetri~s of 4140 Tensile SJ?e2inEI1S, 
Composition and mechanical properties of the 4140 rod as 
delivered by the manufacturer were certified to be: 
Carbon, percent: 0.40 
Manganese, percent: 0.91 
Phosphorous, percent: .021 
Sulphur, percent: • 013 
Silicon, percent: 0.25 
Chromium, percent: 0.82 
Molybdenum, percent: 0.17 
Tensile Strength: 139,900 psi 
Yield Strength (.2%): 123,200 psi 
Elongation, in, 2 in: 20.0% 
Reduction of Area: 62% 
\ 
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B. HEAT TREA-TMENT 
' 
The 4130 hexagonal head bolts were annealed by 
heating in a furnace at 750°C for one hour with subse-
quent slow cooling. This permitted eac,ier notchi.ng with 
a conventional thread-cutting tool. After machining, 
the specimens were austenitized in a salt bath at 870°C 
and oil quenched. A tempering schedule was selected to 
encompass the tempered martensite embrittlement range 
yet avoid temper embrittlement. One notched and one 
unnotched specimen were then tempered in an air-circu-
1 at in g furnace at 400.F for one hour and slow cooled. 
This process was repeated at 450°F, 500°F, 600°F, 700°F, 
0 
and 750 F, respectively on the remaining five pairs of 
bolts. 
Th e 4 1 4 0 s· t u d b o 1 t s d i d no t r e q u i re an n ea 1 in g 
since the high speed tool bits permitted notching in the 
as-purchased condition. All fifty-four specimens were 
austenitized in brine at 1550-1600°F and oil quenched. 
Nine groups, each containing the six notch geometries, 
were bundled and tempered as follows: 
29 
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'I'e!nper Schedule of 4140 Specinens 
TABLE 2 
Group 1 No temper (as quen~hed) 
Group· 2 1 hour @ 400°F, slow cooled 
Group 3 1 hour @ 450• F, slow cooled 
Group 4 1 hour @ soo·F, slow cooled 
Group 5 1 hour @ 550°F, slow cooled 
Group 6 1 hour @ 6oo·F, slow cooled 
Group 7 1 hour @ 650.F, slow cooled 
Group 8 1 hour @ 1oo·F, slow cooled 
Group 9 1 hour @ 750.F, slow cooled 
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C. EXPERIMENTAL METHODS 
Tensile tests with AISI 4130 spec·imens were :1:ar-
ried out on Instron type tensile machine at a maximum 
load setting of 24,000 lb.. A specially prepared set of 
high strength steel grips (austempered to R~50) were 
used. The top piece is slotted for gripping the bolt 
head and the bottom piece threaded to accept the bolt 
threads (See Figure 16a). Each piece was. threaded into 
the tensile machine arms. A linear extensometer mea-
sured crosshead movement which was plot~ed as 0.01 inch 
travel per one inch on chart. 
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Figure 16(a) & {b) 
Tensile Grips for 4130 Hex-Head! Headless Specimens 
The head of each bolt was removed and mounted as a· 
" 
'metallographic specimen. Rockwell hardness wa~ measured 
on each of the mounted bolt heads. An ETEC .. scanning 
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electron microscope was used to characterize the frac-
ture surfaces of the twelve tensile specimens. The 
macroscopic fracture surface appearance of each was 
photographed at 20X and the microscopic fracture mech-
anisms identified at l,OOOX to 4,000X (Table 3). 
Since the fifty~four AISI 4140 specimens were 
fabricated from threaded rod, and therefore did not have 
hexagonal heads, standard 3/4" threaded grips were used 
in place of the above mentioned grips (Figure 16b). The 
Instron tester was set for a maximum load of 24,000 lb. 
and the specimens were tested in groups according to 
their tempering temperature. 
The tensile tests on 400°F and 500°F threaded rods 
were performed with extensometer settings of half scale 
and 0.01 inch per one chart inch. Specimens quenched 
and tempered at 450°F and 500°F as well as those untem-
pered were tested and recorded full scale at 0.005 
in/in. The groups of 600°F through 750°F had a slower 
set ting of 0.0 2 in/ in with ha 1 f sea 1 e re a.dings. These 
adjustments were found necessary because of the large 
,· 
variations in ultimate loads and deformations. 
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The ETEC SEM was again used on selected specimens 
to characterize the microscopic fracture mechanisms 
within a magnification range of lOOX to 6,000X. The 
following matrix was set up. for a clear profile of the 
effects of notch geometry and tempering temperature. on 
the fracture mode (Table 4). 
V-Notched 
400°F 
Urmotched 
400°F 
.028x.300 
"As Quenched 
TABLE 3 
4130 Fracture Specirrens 
V-Notched 
500°F 
Unnotched 
500°F 
V-Notched 
600°F 
Unnotched 
600°F 
TABLE 4 
4140 Fracture Specirrens 
(all dirrensions in inches) 
.033x.200 .033x.200 .033x.200 
450°F 500°F 550°F 
Unnotched unriotched 
450°F r::, 500°F 
.l86x.20? 
450°F 
33 
V-Notched 
700°F 
Unnotched 
700°F 
.033x.200 
650°F 
.033x.200 
750°F 
.. ) 
Sections of AISI 4140 rods tempered at 450.F and 750°F 
respectively, were mounted as metal.lagraphic specimens. 
After grinding and polishing, they were etched with 
Villella's reagent (100 ml alcohol, 10 ml HCl, lg Picric 
Acid) and the microstructure examined using a Zeiss 
metallograph ·at 500X. 
34 
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III. RESULTS 
A. Tensile Properties 
Tensile properties including ultimate tensile 
strength, yield strength, elongation and yield-to-ten-
sile ratio for notched and smooth bar tests are given in 
Tables 5-12. Load-deformation curves are· shown i~ 
Figures 17-28 for the same 
• specimens. Cross-sectional 
area has been reduced up to 57% by the notches; there-
fore, caution must be exercised in interpreting the 
curves. Although the smooth bar specimens had higher 
breaking loads and so appear stronger, the actual ten-
sile and yield strengths were up to 67% higher in some 
notched bars than in smooth bars tempered at the same 
temperatures. 
Another significant notch effect includes an ap-
proximate 50% decrease in elongation from smooth to 
notched test bars. Th er e d o e s no t· a p p ear to b e an y 
correlation between elongation and tempering temperature 
in the present study. 
• 
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Yield-to-tensile ratios indicate that brittle 
fractures occurred in all samples except smooth bars and 
' 
notched.bars with an .094''dia. shallo~ cut. In terms of 
the 0.2% yield criterion there was no plastic deforma-
tion before ultimate tensile failure for the specimens 
with a ratio of 1.0. 
' ·, 
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TABLE 5 
Tensile Properties 
.028 in Dia. U-Notched Specimeps, 4140 
Tempering 
Te.mp, op 
400 
450 
500 
550 
600 
650 
700 
750 
As Q.ienched 
Diarceter, in 
@ Fracture 
0.296 
0.305 
0.292 
0.296 
0.306 
0.3·04 
0.302 
0.300 
0.300 
Ultinate 
I.Dad, lb 
U.T.S., ski 
8,100 118 
4,360 60 
17,720 265 
15,120 220 
4,000 54 
3,060 42 
5,140 72 
4,200 59 
15,800 224 
700°F: 5,140 lb 
750°F: 4,200 lb 
650°F: 3,060 lb 
Applied I.Dad vs. Defamation CUrves 
For .028" Notched 4140 Specinens 
with Various Tenpers 
DEFORMATICN · (IN) 
FIGURE 17 
Y .s., ksi 
118 
60 
265 
220 
54 
42 
72 
59 
224 
600°F: 
Y.S./U.T.S. Elong, % 
1.00 -
1.00 1.0 
1.00 1.7 
1.00 2.0 
1.00 2.5 
1.00 2.5 
1.00 2.3 
1.00 2.6 
1.00 1.7 
..-.. 
~ 
4,000 lb 
..._.... 
§· 
w 
00 
~ring 
Tenp, op 
400 
450 
500 
550 
600 
650 
700. 
750 
TABLE 6 
Tensile Proe:rtie~ 
0.033 in Dia. U-Notched Specimens, 4140 
,, 
Diaireter, in Ultirrate U.T.S., ksi y .s. I ksi 
@ Fracture IDad, lb 
0.198 11,400 370 370 
0.208 8,720 257 257 
0.196 10,800 358 358 
0.200 10,060 320 320 
0.200 8,000 255 255 
0.203 9,360 289 289 
0.195 9,460 317 317 
0.195 10,460 350 350 
As Q.ienched 0.200 8,940 285 285 
750°F: 10,460 lb 
700°F: 9,460 lb 
Applied I.Dad vs. Defamation Curves 
For .033" Notched 4140 Si;ec.inens 
with Various Telrpers 
DEFORMATIOO' (IN) 
FIGURE 18 
650°F: 9,360 lb 
600°F: 8,000 lb 
Y.S./U.T.S. Elong, % 
1.00 3.5 
1.00 2.0 
1.00 2.6 
1.00 2.0 
1.00 3.5 
1.00 3.7 
1.00 4.2 
1.00 4.2 
1.00 1.n 
\ 
w 
'-0 
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TABLE 7 
Tensile Properties 
0.094 I Dia. Shallow U-Notched Specimens, 4140 in 
Tempering Dianeter, in Ultimate V .T .S., ksi 
TE!cp, op @ Fracture load, lb 
I 
400 0.297 20,660 298 
450 0.292 18,020 269 
500 0.270 21,980 384 
550 0.266 21,440 386 
600 0.275 20,600 349 
650 0.270 19,700 344 
700 0.286 19,600 305 
750 0.270 19,000 332 
As QJ.enched 0.300 17,400 246 
600°F: 20,600 lb 
700°F: 19,600 lb 650°F: 
750°F: 19,000 lb . 
Applied IDad vs. Defonnation CW:ves 
For .094" Shallow Notched 4140 Specilrens 
with Various Te.rrpers 
DEFO™ATICN ( rn) 
FIGURE 19 
Y .s., ksi Y.S./U.T.S. 
298 1.00 
269 1.00 
384 1.00 
386 1.00 
342 0.98 
333 0.97 
297 0.97 
323 0.97 
246 1.00 
19,700 lb 
Elong, % 
5.5 
4.0 
5.6 
4.5 
4.3 
4.3 
4.5 
4.3 
1.9 
~ 
0 
Tanpering 
Tacip, °F 
400 
450 
500 
550 
600 
650 
700 
750 
As Quenched 
TABLE 8 
Tensile Properties 
0.094 in Dia. Deep U-Notched Specimens, 4140 
Diarceter, in Ultinate U.T.S., ksi Y .s., ksi Y.S./U.T.S. 
@ Fracture Load, lb 
0.200 10,160 323 323 1.00 
0.200 11,700 372 372 1.00 
0.200 11,140 355 355 1.00 
0.203 10,900 337 337 1.00 
0.186 9 ,240· 340 340 1.00 
0.202 10,680 333 333 1.00 
0.203 10,260 317 317 1.00 
0.200 9,800 312 312 1.00 
0.200 9,620 306 306 1.00 
650°F: 10,680 lb 
700°F: 10,260 lb 750°F: 9,800 lb 
600°F: 9,140 lb 
.. . .
. ' . 
Applied Load vs. Defonnation CUrves 
For .094" Deep,Not~hed 4140 Specirrens 
with Various Tempers 
.. ··-····-- -- -·-------- ·-~-- - ·----------· --.. ---·-~- ·---··-~ 
DEFO~TICN (IN) 
FIGURE 20 
Elong, % 
3.0 
3.7 
2.9 
2.2 
2. J. 
2.8 
2 .]_ 
2.5 
1.1 
i .. 
TABLE 9 
Tensile Proe:rties 
0.186 in Dia. Deep U-Notched sr:eci.TIEns, 4140 
'reitlfering Diaireter, in Ultimate U.T.S. I ksi Y .s., ksi 
Tarp, op @ Fracture I.Dad, lb 
.. 
400 0.186 9,420 349 346 
450 0.190 8,040 284 284 
500 0.176 8,940 368 368 
550 0.184 8,620 324 324 
600 0.175 8,100 337 337 
650 0.180 8,220 323 323 
700 0.176 7,660 315 315 
750 0.175 7,360 306 306 
As Quenched 0.180 9,200 362 362 
600°F: 8,100 lli 
700°F: 7,660 lb 
650°F: 8,220- lb 
750°F: 7,360 lb 
Applied I.Dad vs. Defonration Curves 
For .186" Notched·: 4140 Specinens 
with Various Tempers 
I 
DEFORMATION (IN) 
FIGURE 21 
Y.S./V.T.S. 
0.99 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
Elong, 
3.6 
1.9 
2.2 
3.8 
5.2 
4.0 
5.2 
. 4.6 
0.9 
i 
r .. 
, 
• 
% 
,· , 
Tempering 
Tenp, op 
400 
450 
500 
550 
600 
650 
700 
750 
TABLE 10 
Tensile Pro~ies 
0.356 in Dia. Unnotched Specimens, 4140 
U.T.S., ksi Y .s., ksi 
290 252 
280 248 
270 242 
261 235 
252 228 
242 222 
232 213 
223 205 
(REFERENCE 25) 
Y.S./U.T.S. Elong, % 
.87 11.0 
.89 11.0 
.90 11.5 
.90 12.0 
.91 12.0 
.92 12.5 
.92 13.0 
.92 13.5 
;., ·"' 
TAJ3T.,E 11 
Tensile Pro-i:erties 
V-Notcherl Specimens, 4130 
Initial Diameter 0.185 in. 
Initial Area 0.0268 sq. in. i 
Dianeter, 
Tarp, op 
400 
450 
500 
600 
700 
750 
400°F: 9,540 lb 
500°F: 8,880 lb 
• in Ultinate U.T.S., ksi 
I.Dad, lb 
9,540 356 
9,040 338 
8,880 331 
7,320 273 
8,260 308 
· · 7,680 287 
---- 450°F: 9,040 lb 
y .s. I kSi 
356 
338 
331 
273 
308 
287 
700°F: 8,260 lb 
---- 750°F: 7,680 lb 
• 
• 
• 
' • 
--- .. -·------·-"-----·--·· --
Applied IDa.d vs. Defamation Curves 
for V-Notched 4130.Speciriens 
with Various Tatlf)ers , 
DEFOmAT!ON (IN) 
FIGURE 23(a) 
600°F: 7,320 lb 
EJ.ong, % YS/TS 
4.4 1.0 
3.9 1.0 
3.8 1.0 
3.8 1.0 
4.1 1.0 
4.1 1.0 
, . I 
_.. 
I 
' I I 
\ 
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TABLE 12 
Tensile ProPE:;:t-ies 
Unnotched Specimens, 4130 
Initial Diameter 0.245 in. 
Initial Area 0.0471 sq. in. 
~ring Ultimate U. T .S. ,ksi y .s. I ksi Elong, 
Teiup, °F IDad, lb 
400 11,120 267 221 
450 10,660 256 226 
500 9,950 243 211 
600 11,040 234 214 
700 9,480 201 184 
750 8,740 186 169 
__.;=-..-·· __ ·_···-··-··--··-··· ... • .............. ~4=-0_o_o_F_: _1_1,120 lb6QOOF: 11 040 lb 
--- .... . 450°F': 16,660 lb 
• 
• 
• 
.:.-- .... 
---- . 
---- . 
500°F: 9,950 lb 
-----------
----- 700°F: 9,480 lb 
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FIGURE 28 
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B. TENSILE STRENGTH VS. TEMPERING TEMPERATURE 
: 
Figures 29-36 clearly show the relation uf tensile 
strength to tempering temperature for notched and 
unnotched specimens made of AISI 4130 and 4140 steel. 
In generfl, there is a decrease in strength with 
increasing temperature, approximately 10 ksi per 100° F. 
The unnotched curves for the 4130 and 4140 materials 
have the same slopes, which may be considered linear, 
with the latter's strength being about 10% higher. 
The presence of a notch, regardless of material or 
geometry introduces two noticeable effects on the 
curves. One is an average 40% increase in tensile 
strength above the unnotched levels. The other is a dip 
or "trough" that contrasts the linear curves mentioned 
above. In the case of 4140 steel a primary trough 
0 
occurs between 400° F and 500 F where the tensile 
strength of the notched bars drops to that of the smooth 
bar. A slight dip is observed in the V-notched 4130 
specimen at 450° F although still well above the smooth 
4130 level. i secondary, l~ss severe trough is noticed 
at higher t~mpering temperatures. Specifically, 600° F 
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I . 
for the V-notched 4130 bar, 650° F for the .028
11
notched 
and.033 11 notched 4140 bars and 700° F for the .094" 
shallow notched 4140 bar. No secondary trough is 
evident for the .094"deep notched or .186"notched 4140 
bars. 
It should be noted that the .028 notched bars did 
n o t f o 1 1· o w t h e p a t t e r n o f "n o t c h - s t r e n g t h e n i n g " 
dis p 1 aye d by the o the r no t ch e d spec i mens • As w 1-11 be 
mentioned under fractography there was evidence of 
quench-cracking on the fracture surface~ that was not 
found on the other specimens. Although the tensile 
strength levels were below the smooth bar levels the 
0 0 
primary trough at 450 F and ~econdary trough at 650 F 
is very prominent. In fact the troughs seem to be 
empha·sized by what might have been infinitely sharp 
cracks. 
Visual examination of the macroscopic fracture 
features for 4140 steel, notched and unnotched, tensile 
specimens is summarized in Table 13. The appearance of 
those with high stress concentration, ie. small notch 
i 
radius and deep 1 cut was flat, mostly fibrous, regardless 
of tempering temperature. Those with lower stress 
r.--· 
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concentration were mixed mode with an average 80% 
fibrous zone and 20% shear lip zone. A rough textured· 
fibrous zone was noticed on several surfaces, however 
there is no correlation with either notch geometry or 
tempering temperature. 
TABLE 13 
No. Specimen 
Visual Fractqg;:aphy of 4140 Specimeps 
Fracture Surface Appearance 
ill F·racture Mode) 
1 400° F' • 028" X • 300" 
1 400· F, • 033" x • 200" 
3 400° F' • 094" X • 300" 
4 400· F, • 094" x • 200" 
5 400.F, .186'x .20d' f 
6 400°F, unnotched 
7 4 5 0 ° F ' • 0 2 8" X • 3 0 O" 
Brittle, flat fracture, 
partially oil stained, apparent 
quench crack. 
Brittle, flat fracture, very 
small shear lip around perimeter 
Distinct radial pattern on flat 
fracture surface, appx. · 10% 
slant fracture surface. 
Mixed mode: flat-slant {appx. 
30%) fracture. Some evidence of 
bending from z-axis. 
Mixed mode: Flat-slant (appx. 
50%) fracture 
Mixed mode: Flat-slant (appx. 
30%), distinct fibrous, radial 
and shear lip zones. 
Brittle, flat fracture, 
partially oil stained apparent 
quench crack. 
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8 . 450° F' • 033" X • 200" 
'450°F, .094"x .200" 
9 . 450° F' .186" X • 200" 
10 450°F, unnotched 
11 500° F, .028"x, • 300" 
12 soo·F, .033"x • 200" 
13 soo·F, . 094" X .300" 
14 soo° F, . 094 11 X • 200" 
15 soo·F, .186"x • 200" 
16 500°F, unnotched 
·-· 
17 550.F, .028"x .300" 
18 550.F, .033"x .200" 
Brittle, flat fracture; minor 
radial pattern. 
Mi x·e d mode: F 1 at- s 1 ant ( a pp x. 
30%), evidence of some bending 
from z-axis. 
Mixed mode: Flat-slant {appx. 
20%), some evidence of bending 
from z-axis fibrous, radial and 
shear lip zones. 
Mixed mode: Flat-slant {appx. 
20%), distinct radial pattern • 
Brittle, flat fracture, very 
small shear lip. 
.r 
Brittle, flat fracture, very 
small shear lip. 
Mixed mode: Flat-slant (appx • 
10%) • 
Mixed mode: Flat-slant (appx. 
2 0 % ) , rough texture on flat 
portion. 
Mixed mode: Flat-slant (appx • 
20%), • radial and fibrous minor 
zones. 
Mixed mode: Flat-slant (appx. 
40%), distinct radial and 
fibrous zones. 
Brittle, flat fra-cture, very 
small shear lip, oil on edge: 
evidence of quench crack. 
Brittle, f;l.at fracture, very 
small shear lip, rough\texture 
) on· flat portion. 
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19 550° F, o094"x • 300" 
20 550.F, • 094"x .200" 
21 5 50° F, . 186" X • 2 00" 
22 600· F, • 028" x • 300" 
23 600· F, • 09411 x • 3 oo" 
24 600° F' • 094" X • 200" 
2 s 6 o o ° F , • 18 6" x • 2 o o" 
2 6 6 5 0 • F , • 0 2 8" x • 3 0 O" 
2 7 6 5 0 ° F ' • 0 3 3" X • 2 0 (1' 
28 6 5 0 ° F ' • 0 9 4' X • 3 0 (1' 
29 650° F' • 094" X • 200" 
30 6so· F, . 186" x • 200" 
I 
Mixed mode: Flat-slant (appx. 
2 0%), rough texture on flat 
portion • 
Mixed nio de: Flat-slant (appx. 
10%), rough texture on flat 
portion • 
Mixed mode: Flat-slant (appx. 
2 0%), distinct fibrous and 
radial zoues. 
Brittle, completely flat 
fracture surface, oil on edge; 
evidence of quench crack.· 
Mixed mode: 
20%), rough 
portion. 
Flat-slant (appx. 
texture on flat 
Mixed mode: Flat-slant (appx. 
10 %), minor fibrous and radial 
patterns. 
Mixed mode: Slant-flat (appx. 
20%), minor radial and fibrous 
zones. 
Brittle, completely flat 
fracture surface, oil on one 
edge: evidence of quench crack. 
i 
Brittle, flat fracture surface, 
rough texture. 
Mixed mode: 
10%), rough 
surface. 
Mixed mode: 
10%), rough 
surface. 
Slant-flat (appx. 
texture on flat 
Slant-flat (appx. 
texture on flat 
Mixed Mode: Slant-flat (appx. 
10%), som·e roughness on flat 
surface. 
,, 
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31 100· F, • 028" x • 300" 
32 700° Ft • 033" X • 200" 
33 700° F, .094"x .300" 
34 700° F, .094"x .200" 
35 700°F, .186"x .200" 
36 750°F, .028 11 x .300" 
37 7 50° F, • 033 11 X • 200" 
38 750°F, .094"x .300" 
39 750° F, .094"x .200" 
40 750°F, .186"x .200" 
Brittle, completely flat 
f r a c t u r e s u r f a c e , e v i d e n c e· o f 
small quench crack. 
Brittle, flat fracture surface, 
rough texture. 
Mixed mode: Slant-flat (appx. 
10%) 
Mixed mode: Slant-flat (appx. 
10%) 
Mixed mode: Slant-flat (appx. 
20%) 
Brittle, completely flat, oil on 
edge, evidence of quench crack. 
Brittle, flat with very small 
shear lip, rough texture. 
Mixed mode: Flat-slant(appx. 
10%) 
Mixed mode: Flat-slant (appx. 
10%), rough surface. 
Mixed mode: Flat-sl,ant (appx. 
10%), radial pattern. 
41 As Quenched, .028"x.300"Brittle, completely flat 
fracture surface • 
42 As Quenched, • 0 33" x • 2 00" Britt 1 e , flat with _very small 
shear lip. 
43 As Quenched, • 0 9 4" x • 3 00" Br it t 1 e , flat with very snia 11 
shear lip. 
44 As Quenched, 4" oo" · d .09 x.2 M1xe 
10%) 
mode: Flat-slant (appx. 
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45 As Quenched, .186"x.200"Mf:xed mode: Flat-slant (appx. 
10%) 
46 As Quenched, unnotched Brittle, flat with very small 
shear lip. 
I 
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C. MlCROFRACTOGRAPHY 
SEM Fractographs of selected tensile specimens at 
higher magnifications provide signigicant information 
a 
related to the micromechanisms of fracture that were 
active during testing. Interpretations of this 
information will begin in Table 14 with 4130 steel V-
notched samp 1 es, then progress to unnotched and finish 
w i th t h e 4 14 0 s t e e 1 s p e c i men s , w i t h in c r e a s i n-g n o t c h 
acuity. 
TABLE 14 
SEM Microfrac:tography of 4130 and 4140 S!zS~S 
Specimen Fractograph Features 
39a 4130,400°F,V-notched 
39b 4130, 400° F, V-notched 
39c 4130, 500° F, V-notched 
39d 4130, 500° F, V-notched 
39e 4130, 600° F, V-notched 
Microvoid coalescence, some 
transgranular fracture in center 
Higher mag, of 9(a), rod-shaped 
carbides and spherical 
inclusions. 
Reduction in microvoid 
coalescence, mixed with 
intergranualr fracturee. 
Higher mag. of 39(c), impurities 
on grain boundary evident. 
Minimal microvoid coalescence, 
intergranular fracture with some 
transgranular tearing. 
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39f 4130, 700° F, V-notched 
40a 4130, 400• F, Unnotched 
4~ 4130,500°F,Unnotched 
40c 4130,600.F,Unnotched 
40c1 4~0, 600° F, Unnotched 
40e 4130, 100· F, Unnotched 
41a 4140,500° F, .033"Notch 
41b 4140, 500° F, Unnotched 
42a 4140, 450° F, Unnotched 
42b 4140, 500° F, Unnotched 
43a 4140,450°F, .186"Notch 
43b 4140,450°F, .186"Notch 
44a 4140,450°F, .033"Notch 
' 
Return of ductile fracture mixed 
with some 1·nter·granular 
fracture. 
Dimples formed by microvoid 
coalescence. 
A few grain outlines visible in. 
center. 
Fully dimpled surface. 
Higher mag. of 40(c) shows 
spherical inclusion at base of 
dimple •.. 
Fully ductile with large number 
of rod-shaped inclusions. 
Complete intergranular fracture. 
Complete microvoid coalescence. 
Mostly microvoid coalescence, 
some shear on grain boundary in 
lower left corner. 
Ductile fracture, spherical 
inclusion in center. 
t 
Reduction in microvoid 
coalescence with some quasi-
cleavage facets. 
Rod-shaped inclusions at base of 
dimple. 
Transgranular cleavage fracture. 
44b 4140, 500 °F,. 033" Notch Cleavage mixed with 
intergranular fracture. 
44c 4140,550°F, .033"Notch · _Intergranular fracture with 
e v i d e n. c e o f i n t r a g r a n u 1 a r 
inclusions. 
44d 4140,650°F, .033"Not.ch Same as 44(c) 
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45a 4140, As Q~enched, • 02s'N 
45b 4140, 7 50° F, • 028" Notch 
,) 
Intergranular fracture possibly 
from aggressive environment., 
s e v e r e g r a i n b o u n d a r_y 
separation. 
Grain boundary separation with· 
spherical inclusions and 
e v i d e n c e o f i n t r a g r a n u~ 1 a r 
impurities. 
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FIGURE 37(a) 4130, Unnotched. (20x) 
.... 
FIGURE 37(b) 4130, soo°F, Unnotched, (20x) 
· DUctile Fraqture · &?J?earance of 4130· Unnotched · §E§:c.~ 
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FIGURE 37(c) 4130, 600°F, Unnotched, (20x) 
FIGURE 37(d) 4130, 700°F, Unnotched, (20x) 
Ductile Fracture ~a.nee of ·4130 unnotched ~cinens ~ 69 . .  
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FIGURE 38(a) 4130, 400°F, V-Notched, (20x) 
.. 
FIGURE 38(b) 4130, soo°F, V-Notched, (20x) 
Brittle Frac~ure Appearance ·of 413o ·v-Notched s~~s 
. 
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FIGURE 38(c) 4130, V-Notched, (20x} 
FIGURE 38 (d) 4130, 7Q0°FI _V-Notched, (20x) 
Brittle Fractu.re)\Pp::ef:ance ·of 413o ·v~~o;tchecl'SJ;leg;iJren~ 
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FIGURE 39(a) 4130, 400°F, V-Notched, (lOOOx) 
FIGURE 39 (b) 413.0, . 4.0.0<?F, .. V-No.tchea, (4000x) 
Microvoid Cqalescence ·in ·v~Notched .4130 .Specirtens ·at ·IDw ·'.!'§n~ring ·T!§!t~ratures 
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FIGURE 39{c) 4130, S00°F, V-Notched, (lOOOx) 
FIGURE 39 (d) 4130, _ 500°F, _V-Notched, (3000x) 
anular Fracture rn ·v..:..Notched .4130 ·s · - ~ns ·at·Mia · 
{ 
i 
f ( 
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FIGURE 39(e) 4130, 600°F, V-Notched, (lOOOx) 
FIGURE 39(£) 4130, 700°F, _ V-Notched, (lOOOx) 
Return of Microvoid Coalescence ~ in ~ v..;..Notched. : 4130 · ~c~ns. ·.at · Higher 
- · T¢!~:tirtg · Teitpe:tatures 
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FIGURE 40(a) 4130, 400°F, Unnotched. (lOOOx) 
FIGURE 40(b) - -41-30, -500°F, Unnotched, (lOOOx) 
Ductile Fractur·e ·of· Urmotched · 4130 · Spec.irtens ·at · I.iJw · Tep1zring · -'!!::re:ratures 75 
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FIGURE 40(c) 4130, 600°F, Unnotched, (lOOOx) 
FIGURE 40(d) 4130, _600'?F, Unnotched, (SOOOx) 
Ductile Fracture ·of Unnotched -4130 ·specimens ·at ·Mia·~!E?E:!-:ing ·~:r:~tures 
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FIGURE 40(e) 4130, 700°F, Unnotched, (3000x) 
' . 
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, 
' 
Ductil~ Fracture of Unnotched · 4.1.30. SJ2E:SircEns at Higher ~1~:r:ipg_ ~!e::;r~tures 
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FIGURE 41 (a) 4140, 500°F, .033 Notch,(300x) 
' . 
-F-I -GURE .41 (b) 4140, - 5-00°F, Unno-tched , - (300x) 
Brittle Fracture ·with · Notch · (top) ; ··ooctile : Fracture · without · Notch · (BOttan) 
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FIGURE 42{a) 4140, 450°F, Unnotched, (lOOOx) 
0 -FIGURE 42 (b} 4140, 500 -F, . Unnotched, (lOOOx) 
Ductile Fracture · cf · unnotched · 4140 · s~irterls -at · UM · Tet~:ting · ~~~atures 
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FIGURE 43 (a) 4140, 450°F, .186 Notch, (lOOOx) 
FIGURE 43(b) 4140, 450°F, .186 Notch, (4000x) 
Beginning of · Cleavage ·and · E'Vidence · of · & -carbides · in · ~ 186 H,-· ,Notched · 4140 · Specirtens 
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FIGURE 44(a) 4140, 4S0°F, .033 Notch, (lOOOx) 
.FIGURE .44(b) . . 414.0~ . 50.0C?F, . .• 033 Notch,. (10.00x) . 
Cleava~ ,rracture ·of· ~ 033" Note~. 4.1.40 · swirte:t'l$ ·at . U:Jw '.te!iWin9: ~i@atutes 
FIGURE 44(c) 4140, SSOOF, .033 Notch, 
(lOOOx) 
• 
' ·, 
, 
.FIG.URE 44 (d) 4140, 650~.f, .033 Notch, (lOOOx) 
Mixed · Cleavage · & · Inte:tgranular · Fracture ~of : .033~' .Notched
· 4140 · SP!:£:ilrens · at, Higher 
· · ~t@ing, Teii@~rbttes · , 
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FIGURE 45(a) 4140, As Quenched, .028 Notch, (lOOOx} 
FIGURE -45 (b) -4140, - 7S0°F, · • 028 Notch, (lOOOx) 
· Intergranular · Fra~tµ:re : of : ~ 028 ~· : Notched : 4140 : s~.i.rte~. ·-.~t · Lower 
· · tmd ·Higher · ~ring· ~t?=:tat}kes 
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D. METALLOGRAPHY 
Figure 46(a) illustrates the lath martensite 
mi c r o s t r u c tu re a t 4 5 0° F f o r me d as p a c k e t s w i t h i n p r i o r 
austenite grain boundaries. Figure 46(b) is a 
metallograph of the lath mar~ensite tempered at 750• F 
showing an increase in the percentage of cementite and a 
reduction of prior martensite lath boundaries. 
.,· 
Figure 46 (a) · Figure 46(b) 
lath Martensit;e in 4130 Steel ~cie:red at 450 °F 46 (a.) 
Lath Martensite in 4130 Steel Terrpered at 750 °F 46(b) 
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V. DISCUSSION 
Microstructural changes that occur in medium carbon 
steels as a result of differences in heat treatment 
become evident in -circumferentially notched tensile bar 
tests but go unnoticed in smooth bar tests. 
Precipitation of carbides and the decomposition of 
retained austeni te to ferrite and cementi te associated 
with tempered martensite embrittlement produce 
significant reductions in tensile an~ yield strength 
with the degree of reduction being a function of the 
notch geometry. Fracture micromechanisms may also be 
r 
changed from the microvoid coalescence common to ductile 
. 
fracture tq a brittle cleavage or intergranular fracture 
' 
by the introduction of an acute notch. In addition to 
altering the fracture mechanics and serving as a TME 
indicator 1 the notch also develops triaxial stresses 
within the necked region of 'the specimen which raises the 
true tensile strength above that of the unnotched bar. 
As a smooth _bar sp~cimen • 1S pulled in uniaxial 
tension uniform elongation occur~ until the onset of 
plastic response at the yield point. Localized ·necki,ng 
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then develops a condition of triaxial stress which 
causes small particles within the material to separate 
or fracture. The resulting microvoids grow arid coalesce 
into a disc-shaped crack normal to the applied stress. 
This internal crack increases in size until the material 
shears around the perimeter of the bar at 45° to the 
axis of applied stress. 
If, howeve~ a V- or U-shaped groove is cut around 
. , 
the circumference of the rod 7 the triaxial stresses are 
present at the beginning of the test. After an initial 
elastic response the stress concentration introduced by 
the notch requires the tensile stress to be higher than 
the nominal stress of a smooth bar to produce the same 
deformation. The triaxial stresses restrict plastic 
flow across the entire reduced area but to a greater 
degree in the center than around the perimeter. As 
discussed under Notch Behavior the strain decreases 
exponentially from the notch tip region toward the 
center and the decay constant depends upon the notch 
geometry, specifica 11 y the f 1 ank angle. This behavior 
permits crack initiation from the notch-tip before 
microvoids.have a chance to coalesce and form an 
internal crack. As the sharp crack develops it 
propogates across the path of least resistance which may 
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be intergranular if a brittle second phase develops 
between grain boundaries or transgranular if the plastic 
zone size is small with brittle precipitates that are 
closely spaced. 
Calculations of stress concentration factors from 
Neuber's formulas 25 show an almost three fold increase 
as the notch radius is made progressively smaller and 
the depth alternated from shallow to deep (Figure 47 & 
_Table 15 ). It should be noted that 
Table 15: K*vs. Notch 
r d D Kt 
- Unnotched - 1. 00 " 
.093" .200" .356" 1.70" 
.047" .200" • 356" 1.84" 
• 04 7 II • 300 II • 356 II 1. 93 II 
• 014 II • 300 II • 356 II 2 • 90 ti 
• 017 II • 200 11 • 356 II 2 • 7 4 II 
~ 
d 0 
p 
L t 
FIGURE 47 
Schematic of Str~ss Concentration Factor 
Dirrens1oning 
t h e s t r e s s c o n c e n t r a t i on f a c t o r f o r t h e • 0 9 4" n o t ch i s 
slightly higher for the shallower notch than the deeper 
one. This information indicates that if a .093"radius 
notched bar with a cross-sectional diameter of 0.200"was 
selected for a tensile test it would require a 70% 
higher stress to produce the same deformation as an 
unnoticed bar. 
The Bridgeman Formula described in Notch Behavior 
was used in the present study to determine the true 
tensile strength of the specimens. Results are plotted 
in Figure 48 which clearly shows that as the notch 
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FIGURE 48 
200 
150 
U) 
r U) 
! 
U) 
00 ~ 100 00 ~ 
; 
·so 
.400 .500 .600 .700 
BRIDGEMAN FAC'IDR 
Tnle Tensile Strength vs. Bridgeman Factor Plo"t:s for Various Tempering 
_. Temper~tures , 
becomes more acute or the cross-sectional area 
decreases, i.e. the Bridgeman factor increase~, the true 
tensile strength increased at about the same rate 
regardless of temperature. 
Where triaxial stress fields suppress plastic 
deformation and plane strain conditions prevail, the 
plastic zone size has been estimated26 to be 
while under plane stress conditions where radial and 
transverse stresses are insignificant 
\ \(2-
r 'I ~ ~ I (T. 2. 
; ,~ 
From these relationships it can be seen that 
raising the yield stress suppresses a material's 
capacity to plastically deform and therefore reduces 
notch sensitivity. The addition of a notch is such a 
method of raising the yield stress as was shown by the 
' Bridgeman Factor plot. 
The concepts of stress concentration, notch 
strengthening and reduced plastic • zone size are all in 
agreement with the results of the present experiments. 
In both· the 4130 and 4140 steel, yield strength 
increased, elongation decreased and a state of plane 
strain existed as indicated by flat fracture where a 
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·notch was added to the specimen. The .028
11 notched 
specimens appear to be an exception; however, quench
 
cracks assumed by oil on fracture surfaces indicates
 
that infinitely sharp cracks may have been present which
 
would cause a substantial difference in cross-sectional
 
area and therefore in observed tensile strength. It is
 
felt that if the cracks had not been present the plots
 
would be consistant with the other notch configuration
 
results. 
Examination of figures 39(a)-(e) for 4130 V-
Notched specimens reveals a progression from a fractur
e 
mechanism which is substantially microvoid coalescence
 
at low temperature, through a regime of intergranula
r 
fracture with some transgranular tearing, to a return o
f 
ductile fracture at the upper temperatures. 
This 
embrittled regime .corresponds with the trough in the
 
tensile strength-tempering temperature plot of Figure
 
36 and indicates a tempered martensite embrittlement
 
. 
condition between soo•p and 700°F. Additional plots 
vwould be needed to determine the actual shape and minim
a 
of the trough. 
Figures 40{a)-(e) 
. ' 
• again show the microvoid 
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r an g e • ""!, Howe v e r , i n t h i:s ca s e , w h e r e s mo o t h bar 
specimens were used, the T·ME is not perceptible except 
for a few grain outlines. Ductile fracture appears to 
persist throughout all smooth bar tensile tests without 
embrittlement. This fact is reinforced by the absence 
of a trough in the unnotched specimen plot of Figure 
36. 
Figures 4l{a) and {b). give a striking contrast of 
how the TME can be present yet disguised. The materials 
and heat treatments were the same. But in the presence 
of a notch the plastic deformation is suppressed and ·the 
crack propogates along brittle grain boundaries 
consisting of a layer of cementite and ferrite formed 
by transformation of the retained austenite. 
A similar phenomena is observed in the 4140 
• specimens. Unnotched bars fracture in a ductile manner 
with no detectable trough in the temperature-strength 
p 1 o t ( Fi g u r e 3 5 ) • Bu t w h e n a • 1 8 6' no t c h i s a d d e d th e 
quasi-cleavage fracture mechanism is introduced at 45~ 
F. This corresponds with the primary or major trough in 
the plot at 45o•p and is considered to coincide with the 
first stage of tempering, the precipitat!on of 
transition carbides. 
Decreasing the notch diameter to .033"increases 
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the observation of quasi-cleavage fracture aild almost 
completely eliminates traces of microvoid coalescence. 
Maintaining the .033"notch and varying the tempering 
temperature has a similar effect as with the 4130 V-
. 
Notched tests. That is, a progression from ductile 
fracture, to quasi-cleavage, to intergranular fracture 
in the TME regime, with a return to ductile fracture at 
higher temperatures. Again, the • primary or major 
troughs at 450°F are associated with quasi-cleavage and 
the secondary troughs between 550° F and 700° F with 
tempered martensi te embri tt 1 ement. Al though primarily 
an intergranular fracture intralath carbides do nucleate 
transgranular cracks. 
For the V-notched 4130 sp~cimens the 60° flank 
\_ 
angle increases the strain decay constant above that of 
the 90° flank.angle in the 4140 U-notched specimens. 
This suppresses the notch tip flow stress as well as 
1 o n g i t u d in a .1 y i e 1 d s t r e s s b e 1 ow th e c r i t i c a 1 s t r e s s: 
level for cleavage fracture. Combine this with the fact 
that there is less carbon in the 4130 than the 4140 and 
therefore fewer transition carbide precip.itates and it 
can be understood why the p·r·imary trough 
notched tests was almost negligible. 
! 
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Practical implications of the preceding discussion 
. 
involve the design of breakaway couplings used in 
highway structure supports. As the name implies the 
device must carry comp 1 ex s true t ura 1 1 oads with a 
c o n s er v a t i v e s a f et y f a c t or y e t f r a.ct u r e i n a b r i t t 1 e i,1' I 
~ 
manner under vehicle impact. The Pennsylvania and New 
Jersey D.O.T. specifications involve tensile properties 
\ 
without reference to impact energy or fracture mode • 
.. 
The requirements of the states may be met using notch 
free 4130 couplings tempered between 65o"F and 750°F. 
However, as the above graphs and fracture studies have 
shown, this design will break in a ductile mode with 
substantial elongation. If a notched design is used the 
fracture will be brittle however notch-strengthening 
will raise the applied tensile stress above the accepted 
range. 
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• VI. CONCLUSIONS 
Mechanical properties of AISI 4130 and 4140 steels j, ~ 
including tensile strength, yield strength, elongation 
and ductility may be significantly altered by changing 
the shape of the tensile test specimen. 
When smooth bar tensile specimens are used the 
deleterious effects of tempered martensite embrittlement 
are other tempering transformations may be overlooked~ 
Notched tensile specimens which induce triaxial stresses 
clearly show the presence of an embrittled 
microstructure such as that produced by a layer. of 
retained austenite on grain boundaries decomposing to 
cementite in a matrix of ferrite. 
There was not a significant or ordered change in tensile 
properties resulting from the five U-shaped notch 
geometries used in this study. 
All notch geometries including the 6if V~notch raised the 
tensile and yield strengths above the smooth bar level~. 
94 
The one exception was a .028"shallow notch which 
developed quench cracks in some specimens. 
In general, elongation decreases as the notch acuity 
increases. 
The critical stress for cleavage is exceeded when a 4130 
() 
or 4140 steel notched bar tempered at 450 Fis tested in 
tension. If a notch is not present and the plastic 
strain across the plane normal to the axis of tension is 
uniform cleavage will not occur but instead the 
micromechanism of fracture will be microvoid 
coalescence. 
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